[1] Dissolved oxygen (DO) is an important indicator of groundwater quality, but long time series of groundwater DO concentration are rare. Here we describe and analyze multidecadal time series of groundwater DO data from five Swiss aquifers that are recharged by riverbank filtration (RBF), and relate temporal features of the DO time series to potential forcing factors. Features found in the DO time series include long-term decreases and abrupt increases. Some features occur simultaneously in hydrologically unconnected aquifers, suggesting that external forcing partially determines DO concentrations at RBF sites. The data indicate that: (i) the DO concentration in the losing river is not a critical determinant of groundwater DO concentration; (ii) increasing riverwater and groundwater temperatures, by affecting both the physical solubility of oxygen and DO consumption in the hyporheic zone, probably cause the long-term decline in DO concentration observed in most aquifers investigated; and (iii) a complex interaction between hydrological factors such as groundwater pumping rate and river discharge results in abrupt changes in groundwater DO concentration. Climate models predict higher temperatures and more frequent flood events in central Europe, implying that groundwater DO concentrations at many RBF sites will continue to decrease in the long term, but that irregular high-discharge events, by scouring and unclogging riverbeds, will probably prevent the occurrence of long periods of hypoxia. Nonetheless, the risk of short periods of hypoxia at RBF sites is likely to increase. 
Introduction
[2] Riverbank filtration (RBF) is of great importance for the production of drinking water, particularly in Europe . One crucial factor affecting groundwater quality and pumping-well management at RBF sites is the concentration of dissolved oxygen (DO). With regard to groundwater quality, a decrease in DO concentration is likely to lower the rates of microbial degradation of contaminants [Chapelle, 1993; Sprenger et al., 2011] . The reduction and dissolution of iron and manganese oxides under anaerobic conditions [von Gunten et al., 1991; Bourg and Bertin, 1993; Hoehn and Scholtis, 2011; Sprenger et al., 2011] , and the subsequent formation of precipitates in the pumping wells as a result of reaeration, are of relevance for the maintenance of pumping wells [Hunt et al., 2002] . [3] The major oxygen input into groundwater at RBF sites results from the advective transport of DO in the infiltrating river water, although in some cases the input of atmospheric oxygen through the unsaturated zone can also be important [Malard and Hervant, 1999] . On the other hand, oxygen is consumed by microbial respiration in the aquifer and in the hyporheic zone (the transition zone between river and groundwater) [Chapelle, 1993; Malard and Hervant, 1999] . In RBF systems in which the residence time of groundwater in the aquifer is short, most of the oxygen consumption takes place in the hyporheic zone [Beyerle et al., 1999; Malard and Hervant, 1999] and is controlled by the residence time of the water in the hyporheic zone and by the respiration rates of the microbial community located there [Brunke and Gonser, 1997; Malard and Hervant, 1999] . These two factors are themselves affected by a variety of factors. The residence time of water in the hyporheic zone is governed by the hydraulic conductivity of the riverbed, the stream velocity, and the hydraulic head between river and groundwater [Brunke and Gonser, 1997; Boulton et al., 1998 ]. Respiration rates within the microbial community of the hyporheic zone are affected by the water temperature and by the availability and composition of organic material [Chapelle, 1993;  Malard and Hervant, 1999; Sprenger et al., 2011] .
Brunke and Gonser
[4] Climate change is likely to lead to an increase in groundwater temperature [Kundzewicz et al., 2007; Figura et al., 2011] and to changes in hydrological conditions [Green et al., 2011 ] , and will thus potentially affect oxygen consumption in the hyporheic zone and DO concentrations in groundwater. In 2003, central Europe experienced an extremely hot, dry summer. Regional climate model simulations suggest that by the end of the current century, about every second summer in central Europe could be as warm or warmer, and as dry or dryer, than that of 2003 [Schar et al., 2004] . During the summer of 2003, anaerobic conditions were observed at study sites in Germany [Rohns et al., 2006] and Switzerland [Hoehn and Scholtis, 2011] . At the Swiss study site, the dissolution of iron and manganese in the groundwater [Hoehn and Scholtis, 2011] was followed by the formation of precipitates in the pumping wells (A. Scholtis, unpublished data, 2003) , suggesting that future increases in groundwater temperature may have undesirable effects on groundwater pumping well infrastructure.
[s] In view of the above, it is apparent that an analysis of long time series of historical groundwater DO data would be useful to reveal any temporal features (e.g., long-term trends, short-term changes, or fluctuations) that might be related to external driving factors. Such data are rare. However, an extensive search revealed the existence of relevant data from several RBF sites in Switzerland. These multidecadal data were collected and collated, and the time series of these data are here described statistically. To identify the processes affecting the long-term behavior of the groundwater DO concentrations, simultaneous time series of groundwater temperature, groundwater level, groundwater pumping rate, river-water DO concentration, river-water temperature, and river discharge rate were also analyzed. The available long-term data allowed us to investigate three possible factors that might control groundwater DO concentrations in the aquifers analyzed: (i) DO concentrations in the losing river; (ii) river-water and groundwater temperatures, which affect the physical solubility of oxygen and microbial respiration in the hyporheic zone, and which have undergone a strong parallel warming in the past [Hari et al., 2006; Figura et al., 2011] ; and (iii) changes in hydrological factors, such as groundwater pumping rate, river discharge rate or groundwater level, which might affect the residence time of the water in the hyporheic zone.
[6] To our knowledge, this is the first time that time series of groundwater DO concentration of this length and temporal resolution have been published and statistically described.
Data and Methods

Data
[7] The data presented in this study resulted from a search for long time series of groundwater data (at least 25 yr) with good temporal resolution (at least four measurements per year) from aquifers in Switzerland that had been affected as little as possible by direct anthropogenic intervention. All time series presented here fulfill these criteria. The data originated from the drinking-water pumping wells of five granular, unconsolidated aquifers on the Swiss Plateau that are recharged predominantly by RBF from four rivers (Figure 1a and Table1). The aquifers are abbreviated here as EmSi, AaKi, RhSe, ToLi, and ToZe, where the first two letters designate the river feeding the aquifer: the Emme (Em), Aare (Aa), Rhine (Rh), or Toess (To). Time series of groundwater DO concentration in these aquifers covered periods ranging from 29 to 41 yr (Table 2) . Data on groundwater temperature and groundwater level were available from the same aquifers with comparable duration and resolution. Data on pumping rates were available for four of the five aquifers, but mostly for periods of substantially shorter duration (Table 2) .
[8] Groundwater temperature and DO concentration were measured directly at the outlets of the pumping wells according to the methods outlined in the Swiss Foodstuffs Handbook [Federal Office of Public Health, 2003] . Groundwater temperature was measured with a precision of 60.1 C and DO concentration was determined using the Winkler method with a precision of 60.1 mg O 2 l 1 . If not stated otherwise, groundwater levels were measured in piezometers in the immediate proximity of the pumping wells with an estimated precision of 60.05 m. Although the operators of some of the pumping wells have installed automatic loggers in the last few years, parallel measurements were continued using the methods described above.
[9] From the rivers, the available data on DO concentration, water temperature, and discharge rate covered periods ranging from 20 to 46 yr with a resolution of at least 12 measurements per year ( Table 2 ). The river gauging stations that supplied the data are operated by Swiss cantonal or federal authorities. The stations are equipped with automatic samplers that take mixed samples over a cross section of the river. Unless stated otherwise, DO concentrations in the rivers were determined weekly or monthly, while river-water temperature and discharge were available as daily means. Because the river gauging stations did not always lie in close proximity to the aquifer infiltration sites, the river-water data might not exactly represent the conditions prevailing at the infiltration sites. However, a comparative analysis of DO data from several gauging stations on the four rivers showed that stations less than $30 km apart were broadly similar with respect both to the DO concentrations measured and to the long-term behavior of the DO time series.
EmSi
[10] The EmSi aquifer is recharged by the River Emme [Blau and Muchenberger, 1997] . Groundwater has been abstracted from the EmSi aquifer since the 1920s. Neither the river, the pumping well, nor the surroundings of the pumping well have been subject to changes in water management or infrastructure. Groundwater is pumped out of the aquifer at eight wells (PW1-PW8, Figure 1b) . Measurements of groundwater temperature and DO concentration were made at the outlets of two collectors (A and B), each of which collects water from four of the eight pumping wells (Figure 1b) . Groundwater levels were determined in PW1 (representing Collector A) and PW6 (representing Collector B). Pumping-rate data from Collector A were Table 2 ). The overall similarity of the DO concentrations measured at Collectors A and B (Figure 2a) indicates that the DO concentration measured at Collector A can be assumed to be representative of the whole aquifer. Data from the River Emme were available from a river gauging station 6 km downstream of the site (Figure 1b , inset and Table 2 ).
AaKi
[11] The AaKi aquifer is approximately 1.5 km wide and is recharged mainly by the River Aare [Kellerhals et al., 1981] . Since construction of the AaKi pumping wells between 1947 and 1950, there have been no changes in river-water or groundwater management. Groundwater abstraction occurs at four pumping wells (PW1-PW4 ; Figure 1c) , but long-term measurements were available from only one of these (PW4 ; Table 2 ). Groundwater DO concentration and temperature were measured at the outlets of the pumping wells, while groundwater level was determined in a piezometer located approximately 10 m from PW4. Monthly pumping-rate data from PW4 were available for the period 1997-2005. An additional data set comprising monthly measurements of DO concentration, temperature, and groundwater level was available for 1997-2009 at PW1, PW2, and PW3, and for 1997-2005 at PW4. At PW4, the annual mean values of the two data sets measured during the overlapping period 1997-2000 differed by less than the respective measurement errors for all variables. As in the case of EmSi, this allowed the two data sets to be combined, yielding time series that covered the 38 yr period . The overall similarity of the DO concentrations measured at pumping wells PW1, PW2, PW3, and PW4 from 1997 to 2005 (Figure 3a) indicates that the DO concentration measured at PW4 can be assumed to be representative of the whole aquifer. Data from the River Aare were obtained from a gauging station 9 km upstream of the site (Figure 1c , inset and Table 2 ).
RhSe
[12] Monitoring of the RhSe aquifer was started in the 1950s because of the construction of a hydroelectric power plant that led to the impoundment of the River Rhine in the infiltration area. The RhSe aquifer is recharged mainly by the infiltration of river water [Kempf et al., 1986] along the riverbank between piezometers G10 and G101 (Figure 1d) . A small proportion of the groundwater infiltrates into the aquifer from the river 2 km upstream of this site [Kempf et al., 1986] . The pumping well (PW) in the RhSe aquifer was built in 1957. Neither the stretch of river between Lake Constance and the RhSe aquifer nor the surroundings of the RhSe aquifer have been subject to anthropogenic interventions that might have affected the groundwater of the RhSe aquifer.
[13] Groundwater data were available from the pumping well (PW) and eight piezometers (G10, G11, G19, G20, G21, G101, G101T, and G403; Figure 1d and Table 2 ). Note that piezometers G101 and G101T were set in the same location but sampled water from different depths (G101, 1-4 m; G101T, 15-20 m). Monthly pumping-rate data were available for the period 1993-2010. Data from the River Rhine at biweekly resolution or better were obtained from two river gauging stations, one (Rh1) approximately 30 km downstream of the site and one (Rh2) 3 km upstream of the site (Figure 1d , inset).
ToLi and ToZe
[14] The ToLi and ToZe aquifers (Figures 1e and 1f) are part of the 45 km long Toess Valley aquifer, which is recharged by infiltration from the River Toess [Kempf et al., 1986] . Groundwater flow in the area between ToLi3 and ToLi4 was extensively studied by Beyerle et al. [1999] and Mattle et al. [2001] . The pumping wells in both aquifers were built in the 1960s. The River Toess has not been subject to any changes in water management upstream of pumping well ToLi2. However, 200 m of the river between ToLi1 and ToLi2 was revitalized in 2001. For the revitalization, linings on the riverbank were removed and an artificial gravel island was built in the middle of the river, leading to erosion of the riverbank and enlargement of the river and the riparian zone from $20 to $50 m.
[15] Groundwater data were available from five pumping wells in the ToLi aquifer (ToLi1-ToLi5) and one pumping well in the ToZe aquifer (Table 2) . Pumping rate data available from the five pumping wells in the ToLi aquifer consisted of annual sums of pumped groundwater. Data from the River Toess at weekly resolution or better were obtained at two stations, one (To1) approximately 6 km upstream of the ToLi site and 0.5 km downstream of the ToZe site, and one (To2) 1 km downstream of the ToLi site and 10 km downstream of the ToZe site ( Figure 1e , inset and Table 2 ).
Methods
[16] The data were checked for outliers by visual inspection. If a value was suspected to be an outlier, the mean and standard deviation of the data within a 5 yr window centered on the suspect value were calculated. If the difference between the suspect value and the calculated 5 yr mean exceeded three standard deviations, the value was identified as an outlier and deleted (over all data sets, a total of seven outliers were deleted). Data sampling intervals were generally irregular and inconsistent, necessitating standardization. This was accomplished by first interpolating the data at consistent daily intervals using a cubic spline (except over gaps longer than 3 months), then aggregating the interpolated data to yield estimates of monthly and annual means. Interpolation over gaps of 3-6 months was accomplished by fitting a cubic regression model to the monthly mean data. The deviations of the measured data from the cubic regression model were averaged for each month and added to the modeled value to obtain a monthly time series, which was then used to fill the gaps. No interpolation was performed over gaps longer than 6 months. Because the pumping-rate data from the ToLi aquifer consisted of annual sums only, the pumping rates of the EmSi, AaKi, and RhSe aquifers were also aggregated to annual sums. This was accomplished at EmSi and AaKi by summing the interpolated daily mean pumping rates, and at RhSe by summing the monthly sums of the pumping rates.
[17] The data were described and analyzed using standard statistical methods. Temporal trends in the data were assessed using the nonparametric Theil-Sen method [Theil, 1950; Sen, 1968] and tested for statistical significance at the p < 0.05 level using the nonparametric Kendall statistic [Helsel and Hirsch, 1992] . Spearman rank correlation coefficients for lags of 0-2 yr were calculated between the time series of annual means of groundwater DO concentration and time series of the annual means of potential driving variables after first removing the trends in the time series, which were determined using the seasonal-trend decomposition procedure of Cleveland et al. [1990] as implemented in function stl of the statistical software R [R Development Core Team, 2011] . For each time series, the amplitude of the seasonal variation was estimated by fitting a trigonometric regression model to the monthly mean data. Oxygen saturation concentrations were calculated from the water temperature data and the elevation of the measurement site using the empirical relationship given by B€ uhrer [1975] :
ÞÀh=18;400 ð14:60307 0:4021469T
where h is the elevation of the measuring site in m a.s.l., T is the water temperature in C, and S h is the oxygen saturation concentration in mg O 2 l 1 at elevation h.
[18] We also conducted an event-based comparison of the time series to investigate the possible nonlinear forcing of groundwater DO concentration by extreme river discharge rates. After checking subjectively whether the occurrence of extreme river discharge rates (either annual or daily) was followed by the occurrence of abrupt, strong changes in groundwater DO concentration, intervention analysis was employed to obtain objective confirmation of any potential relationship found. Intervention analysis is an extension of the autoregressive integrated moving average (ARIMA) time series model to describe the impact of an event on the time series at a specific point in time [Box and Tiao, 1975; Cryer and Chan, 2008] . For the purposes of this analysis, the five highest values of river discharge rate were defined as extreme events. Binary intervention time series were constructed, in which an intervention was defined to take place in the year in which such an extreme river discharge event was observed. One to five interventions were allowed to take place in the intervention time series, which resulted in 31 binary intervention time series (five intervention time series containing only one intervention, 10 containing two interventions, 10 containing three interventions, five containing four interventions, and one containing all five interventions). In a next step, 31 intervention models were constructed as follows (using the notation of Cryer and Chan [2008] ):
where Y t is the modeled groundwater DO concentration, N t is an ARIMA model for groundwater DO concentration that is determined before the intervention model is calibrated, and m t is a pulse function that represents the change in the mean caused by the intervention (with m t ¼ 0 before the intervention takes place). Under the assumption that the impact of an extreme river discharge event on groundwater DO concentration dies out gradually, we used a first-order autoregressive model to represent m t , as recommended by Cryer and Chan [2008] , which results in m t taking on the form of an exponentially decaying pulse function. The best ARIMA representation of N t was determined by fitting all possible ARIMA models up to an order of (2, 1, 2). The model with the lowest value of the Akaike information criterion [Akaike, 1974] was the one selected. The model that fitted the DO concentration data best was determined by comparing the root mean square deviations (RMSD) associated with each of the 31 intervention models. The interventions (i.e., the extreme river discharge events) identified by this model were assumed to be responsible for the nonlinear response in the groundwater DO concentration. -7 ) suggest that the groundwater DO concentrations in the aquifers analyzed are not statistically stationary, but undergo long-term trends and abrupt changes. In the next two sections, these two features in the historical data will be discussed in more detail.
Results and Discussion
Long-Term Trends
[20] Temporal trends in the DO data, calculated for the period 1979-2005 using the Theil-Sen method (Table 3) , reveal a statistically significant (p < 0.05) long-term decrease in DO concentration at the RhSe (Figure 4a (Figure 3b) , DO concentrations showed the opposite behavior, with a rise having occurred in the long term ( Table 3 ). The similar rates of decline in DO concentration observed at the EmSi, RhSe, ToLi, and ToZe pumping wells between approximately 1980 and 2000 (Figures 2b, 4a , 6a, and 7) suggest that a common external forcing factor governs the long-term behavior of the groundwater DO concentrations. However, the contradictory results for AaKi and the heterogeneity of the results from the RhSe piezometers show that local aquifer properties are also likely to play an important determining role.
Abrupt Changes
[21] DO concentrations measured at EmSi, AaKi, ToLi, and ToZe, and in RhSe piezometers G10, G11, and G101T, underwent abrupt, episodic increases and decreases at various points in time. At EmSi and AaKi, DO concentrations (Figures 2b, 3b , 6a, and 7; gray shaded areas). In RhSe piezometers G10, G11, and G101T, a rapid, strong decrease in DO concentration from the early to the mid 1970s was followed by a multiannual period of low DO concentration and a subsequent rapid recovery phase in the late 1970s and early 1980s (Figures 5a-5c ; gray shaded areas). The simultaneous occurrence of the abrupt changes at EmSi and AaKi suggests, as for the temporal trends, a common external forcing factor. However, the occurrence of abrupt changes at different points in time in the other aquifers shows that common external forcing is not the whole story. [22] In order to analyze the spatial distribution of DO concentration at RhSe, the measuring sites (pumping well and piezometers) were divided into two groups based on their perpendicular distance from the riverbank, and the mean DO concentrations measured at the sites were compared using Student's t test. The mean DO concentration measured at sites G10, G11, G101, and G101T, located close to the riverbank (15-30 m), was 6.0 6 2.2 mg O 2 l 1 , and that measured at sites PW, G19, G20, G21, G403, located much farther from the riverbank (520-2000 m), was 5.8 6 0.4 mg O 2 l 1 . The difference between the two mean values (0.2 mg O 2 l 1 ) was small and not statistically significant (p ¼ 0.93). To exclude any effect of the excursion to low values in the 1970s that was especially evident at G10 (Figure 5a ), G11 (Figure 5b ), and G101T ( Figure  5c ), the test was repeated using only the data from 1985 onward. Although the difference was greater (1.3 mg O 2 l 1 ), it was still not statistically significant (p ¼ 0.18). The data thus show that the mean DO concentration does not decrease substantially with increasing distance from the riverbank.
The Spatial Distribution of DO Concentration in the
[23] Based on data from ToLi3 and ToLi4, Beyerle et al. [1999] came to a similar conclusion for the ToLi aquifer. They found oxygen consumption to be 2.8 mg O 2 l 1 during passage through the hyporheic zone and 1.2 mg O 2 l 1 yr 1 in the interior of the aquifer using DO concentration measurements and 3 He-3 H groundwater ages. Groundwater ages at ToLi3 and ToLi4 were estimated to be 10 6 3 months and 13 6 3 months, respectively [Beyerle et al., 1999] .
[24] These findings indicate that, at least at RhSe and ToLi, oxygen consumption in the river-aquifer system occurs mainly or exclusively during infiltration ; i.e., during passage through the hyporheic zone. Because of the similarity of the RBF systems analyzed in this study, we assume that this statement is also valid for aquifers EmSi, AaKi, and ToZe.
Hypotheses Explaining the Observed Features
[25] To explain the observed features of long-term trends and abrupt changes in the groundwater DO concentrations, we analyzed three hypotheses based on the available data:
[26] 1. Oxygen consumption rates in the hyporheic zone and within the aquifer were constant with time, and the long-term trends found in the groundwater DO concentrations resulted from long-term trends in the DO concentration in the losing river.
[21] 2. An increase in groundwater temperature Jed both to a decrease in physical solubility and to an increase in microbial activity in the hyporheic zone, which in turn Jed to a decrease in groundwater DO concentration.
[2s] 3. Changes in hydrological conditions-i.e., changes in pumping rate, river discharge rate, or groundwater level-affected the groundwater DO concentration by altering the residence time of the water in the microbioIogically active hyporheic zone.
T he Influence of t he DO Concent ration in t he Losing River
[29] At ToLi and To'Ze the decreases in DO concentration during the 1990s (Figures 6a and 7) appear to be associated with a simultaneous decrease in DO concentration in the River Toess (Figure 6b ). However, no increase in DO concentration in the River Toess was observed from 2008 to 2009 that might explain the abrupt increase in groundwater DO concentration that occurred at both ToLi and To'Ze at this time ( Figures 6-7) ; in fact, the DO concentration in the River Toess decreased from (Figure 6b ). At EmSi, AaKi, and RhSe, either no temporal trends in river-water DO concentration were found, or any trends that were found were opposite in sign to the trends found in groundwater DO concentration (Table 3 and Figures 2-5 ). Significant (p < 0.05) correlations between the annual mean groundwater DO concentrations in the RhSe, ToLi, and To'Ze aquifers and the annual mean DO concentrations in the respective losing rivers (with lags of 0-2 yr) were mostly positive (Table 4 ). These correlations suggest that in the short term, groundwater DO concentrations might be influenced to some extent by the DO concentration in the losing river. Taking into account the large distances between the river gauging sites and the infiltration sites, however, the correlations between river-water and groundwater DO concentrations should be interpreted with caution. Nevertheless, the comparison of features such as trends and abrupt changes in the time series of DO concentration in the groundwater and in the losing river indicate that the long-term behavior of the DO concentration in groundwater is very unlikely to be governed primarily by the DO concentration in the losing river.
The Influence of Groundwater Temperature
[30] At all sites where the DO concentration exhibits a decreasing trend (EmSi, RhSe, ToLi, and ToZe; Figures 2, 4-7 and Table 3 ), both groundwater temperature and riverwater temperature exhibit strong, increasing trends ( Table  3 ). The trends in the computed groundwater DO saturation concentrations (Table 3) give an indication of how much the increase in groundwater temperature would reduce the physical solubility of oxygen. In the RhSe pumping well (Figure 4a ) the similarity of the temporal trend in groundwater DO concentration to that of the DO saturation concentration suggests that the decrease in this pumping well might be attributable to the reduction in physical solubility resulting from the higher temperatures, with the contribution of microbial oxygen consumption (responsible for the difference between the DO saturation concentration and the measured DO concentration) being constant. In RhSe piezometers G20 and G21, and in the pumping wells of the ToLi and ToZe aquifers, however, the decreasing trends in the DO concentration were greater than would be expected from trends in physical solubility alone (Table 3 ). This would imply that other effects-such as, presumably, enhanced microbial activity-were causing a further reduction in groundwater DO concentration. Further evidence supporting the temperature effect hypothesis is given by the significantly negative correlations (p < 0.05) between groundwater DO concentration and groundwater temperature at EmSi, RhSe (except piezometer G21), and ToLi (Table 4) . Other results, on the other hand, suggest that this hypothesis might be too simplistic. For instance, at AaKi the strong, long-term increase in groundwater temperature that began in the late 1980s [Figura et al., 2011] did not lead to a corresponding decrease in DO concentration. [31] Despite the partially contradictory nature of the results, the hypothesis of a temperature-related decrease in groundwater DO cannot be rejected completely. Although the data do not unequivocally imply an increase in microbial activity, the strong warming observed in the aquifers [Table 3, Figura et al., 2011] suggests that groundwater temperature has likely contributed to the steady decrease in groundwater DO concentration. However, the presence of abrupt shifts in the groundwater DO concentration time series that are unrelated to groundwater temperature implies that temperature-dependent physical and microbial processes are not the only processes to have a strong impact on groundwater DO concentration.
The Influence of Hydrological Variables
[32] Temporal trends in river discharge rate and groundwater level are generally weak or absent (Table 3 ; no trends were calculated for pumping rate due to the scarcity of the data). Correlations between annual mean groundwater DO concentration and annual means of the pumping rate, river discharge rate, and groundwater level indicate no consistent relationship (Table 4) . The results of trend and correlation analyses show that any influence that hydrological variables might have on the long-term evolution of the groundwater DO concentration is certainly not linear.
[33] An event-based comparison of groundwater DO concentration with pumping rate revealed a remarkably strong association between the two in the ToLi aquifer. The strong rise in DO concentration from 2008 to 2009 in the ToLi aquifer coincided with the unusually high pumping rates registered in 2009 (Figures 6a and 7a-7d) , which were the result of a large-scale pumping test held in this . RhSe aquifer (piezometers). Annual mean DO concentrations (DO), groundwater temperatures (T), and DO saturation concentrations (DOsa1) measured at the eight piezometers (GI 0, G 11, GI 0 I, GIOIT, GI9, G20, G21, and G403) of the RhSe aquifer. The symbols and vertical lines on the left-hand side of each panel illustrate the mean value of each time series and its amplitude as determined from a trigonometric regression. The interrupted vertical lines illustrating the amplitudes of the groundwater temperatures at GI 0, G 11, GI 0 I, and of the DO saturation concentration at G IO I, were too large to fit on the plot, so their values are given explicitly (Figures 5a, 5b , and 5f). The shaded areas highlight the unusually low groundwater DO concentrations that occurred when the riverbed was clogged by zebra mussels (see text). ... year. These unusually high pumping rates in 2009 most probably led to the faster infiltration of a larger-than-usual volume of river water, resulting in a strong increase in DO concentration. At AaKi also, the increase in DO concentration from 200 I to 2002 was accompanied by a slight increase in pumping rate (Figure 3b ) . However, high pumping rates were not always accompanied by sudden increases in DO concentration. Pumping rates even higher than those in 2009 were observed at ToLi3 in 2005 and at ToLi5 in 2003, but these had no effect on DO concentration ( Figures   6a and 7a-7d) ; and at AaKi pumping rates continued to increase after 2002, while groundwater DO concentration decreased (Figure 3b ) . Furthermore, at EmSi the rise in DO concentration from 200 I to 2002 was seemingly not caused by a change in pumping rate (Figure 2b ) , and in the RhSe aquifer the pumping rate seems to have had no effect on groundwater DO concentration (Figure 4a ).
(34] Abrupt increases in groundwater DO concentration that cannot be explained by high pumping rates can often be explained as the result of events of extremely high river discharge. At EmSi, AaKi, ToLi, and ToZe, sudden increases in groundwater DO concentration often coincided with, or immediately followed, such events. These findings are confirmed by the results of the intervention analysis (Table 5) .
[3s] At EmSi, the increase in groundwater DO concentration from 200 I to 2002 coincided with two years in which the annual mean discharge rate of the River Emme was unusually high (Figure 2d ). The synchronicity of peak DO concentration and peak discharge rate was especially evident in the fall of 2002 (Figure 2c ). Table 5 (Figure 3c ), though, did not affect groundwater DO concentration at AaKi in the same way as at EmSi, as there was no increase in groundwater level ( Figure  3b ) and the abrupt rise in DO concentration was not confined to fall, but was observed in all seasons. However, the abrupt increase in groundwater DO concentration was preceded by three individual major discharge events: on 28 January 1999, 11 December 2000, and 18 November 2002. We assume that in this case, repeated, intense scouring of the riverbed reduced clogging and facilitated the infiltration of river water, resulting in an increase in groundwater DO concentration. The intervention model fits best with a single intervention in 2002 (Table 5) groundwater DO concentration, to respond more sensitively to the increase in pumping rate from 2008 to 2009. The abrupt increase in DO concentration from 2008 to 2009 was therefore a consequence of the interplay of two factors : riverbed scouring resulting from high-discharge events, and an increase in pumping rate.
[38] Evidence of the potential effect of riverbed clogging on groundwater DO concentration is given by observations made in the RhSe aquifer in the 1970s and 1980s. In the 1970s, the operators of the RhSe pumping well discovered layers of zebra mussels (Dreissena polymorpha Pallas) up to 5 cm thick on the riverbed in the area between piezometers G10 and G101, where most of the infiltration of river water into the groundwater usually occurs, but diving expeditions showed that by the late 1980s this layer of zebra mussels had disappeared [Stahel, 1989] . Clogging of the riverbed by the zebra mussels presumably led to a reduction in the rate of infiltration of river water, so that DO concentrations in the piezometers close to the river (G10, G11, and G101T) dropped significantly over a period of several years (Figures 5a-5c ). The disappearance of this layer of mussels allowed the river water to infiltrate faster, leading to an increase in DO concentration in the late 1970s and early 1980s (Figures 5a-5c ).
[39] These results suggest that high pumping rates and high annual mean discharge rates lead to an increase in groundwater DO concentration by facilitating the infiltration of river water. Nevertheless, the examples of AaKi and ToLi indicate that this process does not occur on every occasion when high pumping rates or high annual mean river discharge rates prevail. It seems that the intermittent scouring and unclogging of the riverbed by individual extreme river discharge events might be a necessary condition that must be fulfilled before pumping rates and annual mean river discharge rates can affect the infiltration of river water and, as a consequence, the groundwater DO concentration. Riverbed clogging, by extending the residence time of the infiltrating river water in the microbiologically active Temporal trends (1979 2005) in the annual mean values of (i) groundwater DO concentration, groundwater temperature, groundwater DO saturation concentration, and groundwater level; and (ii) river-water DO concentration, river-water temperature, river-water DO saturation concentration, and river discharge rate as determined by the Theil-Sen method [Theil, 1950; Sen, 1968] . Tabulated values were tested for significance at the p < 0.05 level using the nonparametric Kendall statistic [Helsel and Hirsch, 1992] . The lack of a significant trend (i.e., p ! 0.05) is designated by ''ns,'' and the lack of sufficient data by '' ''. Groundwater level at EmSi and DO concentrations in the rivers Emme and Toess were not available during the entire period 1979 2005 (Table 2) hyporheic zone, might also explain the periods of decreasing DO concentration at EmSi, RhSe, ToLi, and ToZe.
Conclusions
[40] The time series of groundwater DO concentration analyzed in this study all exhibited both long-term trends and abrupt changes. Of the three hypotheses considered as explanations for these two observed features, none could be excluded with certainty. The data indicate rather that these processes act as competing controls, which together determine the long-term behavior of the groundwater DO concentration. We regard the following explanation of the observed long-term trends and abrupt increases in the groundwater DO time series as the most likely. During periods in which river-water infiltration is not affected substantially by alterations in the hydraulic regime (such as high pumping rates, extremes in river discharge, or changes in the state of the riverbed), increasing groundwater temperatures result in decreasing groundwater DO concentrations because of both a decrease in the physical solubility of oxygen, and an increase in microbial activity in the hyporheic zone and in the groundwater [Chapelle, 1993; Greig et al., 2007; Sprenger et al., 2011; Diem et al., Lag (from 0 to 2 yr) of the Spearman rank correlation coefficient between the time series of the annual mean groundwater DO concentration and the time series of the annual means of: DO concentration in the losing river; groundwater temperature; groundwater DO saturation concentration; groundwater level; discharge rate of the losing river; and groundwater pumping rate. The numbers listed are the lag in years (groundwater DO concentration lagging the potential driving variables) at which there is a positive (þ) or negative ( ) correlation significant at the p < 0.05 level or better. Prior to calculating the correlations, all time series were detrended using the procedure of Cleveland et al. [1990] . Significance levels are: p < 0. . The lack of any significant correlation at any lag from zero to 2 yr (p > 0.05) is denoted by ''ns,'' and the lack of sufficient data by '' ''. 
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]. This may be compounded by a simultaneous decrease in DO concentration in the losing river. Increased clogging of the riverbed might also reduce the rate of infiltration of river water through the hyporheic zone [Sch€ alchli, 1992; Nogaro et al., 2010] , resulting in a more rapid decrease in groundwater DO concentration [Nogaro et al., 2010] . However, a combination of high pumping rates and high annual mean river discharge rates can result in sudden increases in groundwater DO concentration [Mauclaire and Gibert, 1998 ], but this is likely only after the occurrence of individual, extreme river discharge events that are severe enough to scour the riverbed and free it from clogging [Sch€ alchli, 1992] .
[41] Assuming air and river-water temperatures will continue to increase both globally [Kundzewicz et al., 2007; Meehl et al., 2007] and in Switzerland [CH2011, 2011 Federal Office for the Environment, 2012] during the current century, DO concentrations in the aquifers analyzed in this study are likely to exhibit a continued tendency to decrease gradually in the long term. This decreasing tendency will be countered by the effect of an increase in the frequency of high-discharge events in the losing rivers, which will probably result in intermittent scouring and unclogging of the riverbeds, followed by increased infiltration and abrupt increases in DO concentration. As a consequence, groundwater DO concentrations are unlikely to undergo an uninterrupted, steady decrease. Long-term hypoxia will therefore probably not occur in the type of aquifer analyzed in this study. Nevertheless, we assume that the risk of occurrence of extreme situations, such as documented by Hoehn and Scholtis [2011] for the summer of 2003, will increase. The risk of groundwater hypoxia will be higher if future hot, dry summers are preceded by several years with no discharge events intense enough to scour the riverbed sufficiently to reduce riverbed clogging.
